Hierarchical control of cognitive processes was studied by examining the relationship between sequenceand task-level processing in the performance of explicit, memorized task sequences. In 4 experiments, switch costs in task-switching performance were perturbed by sequence initiation times that varied with sequence complexity, preparation time, and type of sequence transition (repetition or switch). Hierarchical control was inferred from these sequence initiation time effects and the recurrent finding of no switch cost at the first serial position across sequences, the point at which sequence-level processes are likely active in maintaining or instantiating a hierarchical control structure in working memory. These findings resonate with past research on motor programs and serial memory and provide new insights into the concepts of task set and control.
Plans are studied under the rubric of control in many areas of cognitive psychology, but the control embodied by a plan is different from other conceptualizations of control. For example, much research is currently focused on executive control-how the mind controls itself. Executive control can be defined as the output of high-level processes involved in setting goals, selecting strategies to meet goals, programming low-level processes to implement strategies, and monitoring performance (Logan, 1985 (Logan, , 2003 Logan & Gordon, 2001; Monsell, 1996; Monsell & Driver, 2000b; Norman & Shallice, 1986) . This process-oriented approach to control is important for understanding cognition, but it is equally important to consider the representations that structure control. Our goal in the present study was to explore the control that arises from the hierarchical relationship between different levels of a simple plan: hierarchical control.
Task Sequences and Hierarchical Control Structures
We approached the issue of hierarchical control by investigating the performance of task sequences. In the present study, a task sequence was an arbitrary ordering of multiple occurrences of two tasks, without any relation to an overarching goal. Subjects were simply given a list of unrelated tasks and asked to perform the task sequence iteratively (cf. Logan, 2004) . We argue that such task sequences can be encoded as plans, but more specifically as hierarchical control structures that guide individual task performance (De Jong, 1995; Lien & Ruthruff, 2004 ; see also Luria & Meiran, 2003) .
We assume that a hierarchical control structure is an organized representation of control elements (Rosenbaum, Kenny, & Derr, 1983 ; see also Rosenbaum, Inhoff, & Gordon, 1984) with task identity and serial position codes, which is consistent with proposed representations of serially ordered items in memory (e.g., Anderson, Bothell, Lebiere, & Matessa, 1998; Anderson & Matessa, 1997 ) and tasks in dual-task performance (Logan & Gordon, 2001; Luria & Meiran, 2003) . This structure is essential for accurate performance if one considers the following sequences of two tasks (denoted A and B) used in the present study: AABB and ABBA. Each task occurs with the same frequency in each se-quence, but not always in the same serial position. If the only information about which task to perform on a given trial is represented in the sequence (i.e., there are no external task cues), then the identity and serial position of each task must be coded in working memory (Logan, 2004) .
Hierarchical control is manifest in the relationship between the sequence level (the representation of the task sequence and the processes that act on it) and the task level (the representations of individual tasks and their component processes). The representation of the task sequence need not be hierarchical (i.e., organized into discrete chunks), and the representations of the individual tasks need not be hierarchical (cf. Kleinsorge & Heuer, 1999; Kleinsorge, Heuer, & Schmidtke, 2004) . What is important is the relationship between the sequence and task levels: What happens at the sequence level determines what happens at the task level. The relationship may be relatively straightforward: The task that is coded at the relevant serial position in the task sequence determines which task is performed. The relationship may also be more complex: Sequence-level processing may alter task-level processing because the representations and processes for the task sequence and individual tasks are assumed to share working memory capacity. Structurally, a hierarchical control structure is an organized representation of control elements, but functionally, it is a relationship between different levels of representation and processing.
Although our definition of a hierarchical control structure was derived from the motor programming and serial memory literatures, there is an important distinction between past research and the present study. Hierarchical control structures are concerned with the organization of motor actions in the motor programming literature (Rosenbaum et al., 1983) and with the organization of stimuli in the serial memory literature (Anderson & Matessa, 1997) . Hierarchical control structures in the present study are concerned with the organization of tasks or task goals. These tasks may involve the processing of many different stimuli and the execution of a variety of motor actions, but the organization of behavior takes place at a more abstract level (see also Cooper & Shallice, 2000, in press ). In this sense, the present study is a conceptual amalgamation of past research, with the organization of stimuli (i.e., task identities) at the sequence level controlling the organization of motor actions (i.e., components of task performance) at the task level.
A hierarchical control structure can be induced in working memory by manipulating stimulus properties or experimental instructions. Lien and Ruthruff (2004) demonstrated that manipulating the spatial and temporal grouping of stimuli could induce a hierarchical control structure. In most situations, however, hierarchical control structures arise from experimental instructions. For example, the order in which tasks are to be performed in dual-task performance is often explicitly indicated in the instructions (e.g., Pashler, 1984 ; but see De Jong, 1995) . We assume that experimental instructions are translated into a propositional representation of a task sequence that organizes and specifies the elements of a hierarchical control structure (Logan & Gordon, 2001 ; for related work in a different context, see Dixon, 1987) .
The hierarchical control structure for a task sequence fits the earlier definition of a plan (Miller et al., 1960) . Individual tasks are performed in accordance with the task sequence by accessing relevant information in the hierarchical control structure, resulting in organized behavior. The distinction between individual tasks and task sequences brings attention to the importance of investigating the relationship between the sequence and task levels and the implications of this relationship for understanding control. The levels may be independent, with sequence-level processing having no effect on task-level processing. However, the levels may interact, with sequence-level processing affecting task-level processing, or vice versa. In the present study, we addressed this issue by examining how task transitions (repeating and switching tasks) are affected by sequence transitions (repeating and switching sequences).
Switching Tasks in Sequences
A hierarchical control structure provides a way of coordinating cognitive processes for switching between the performance of different tasks. This kind of switching has been studied extensively in experiments on task switching (Jersild, 1927; Logan, 2003; Mayr, 2003; Monsell, 2003) . People are slower and less accurate when switching than when repeating tasks, and this switch cost has been attributed to a variety of processes.
Some authors interpret switch costs as indices of timeconsuming executive control processes involved in task-set reconfiguration-changing the state of the cognitive system when switching tasks (e.g., Meiran, 1996; Rogers & Monsell, 1995) . Other authors interpret switch costs as priming or interference effects arising from past cues, stimuli, or task sets in memory (e.g., Allport, Styles, & Hsieh, 1994; Allport & Wylie, 2000; Schneider & Logan, 2005; Waszak, Hommel, & Allport, 2003) . These interpretations are not mutually exclusive, and many authors endorse aspects of both of them (e.g., Meiran, Chorev, & Sapir, 2000) . Although the hypothesized processes underlying switch costs differ in many respects, they share a common locus of activity: individual tasks. The present study is concerned with processes that function at a higher level (i.e., task sequences) and how their activity affects task-level processes. We chose to examine how switch costs at the task level are affected by transitions at the sequence level.
Some of the extant research on switching tasks in sequences suggests a lack of a functional relationship between the sequence and task levels. Logan (2004) found that the probability of performing a task sequence perfectly from memory was unaffected by the number of task switches in the sequence. Explicit knowledge of a task sequence or foreknowledge of task transitions does not decrease switch cost relative to a lack of such knowledge (Kleinsorge, Schmidtke, Gajewski, & Heuer, 2003; Sohn & Carlson, 2000 ; but see Sohn & Anderson, 2001) . Expected task transitions do not decrease switch cost relative to unexpected task transitions (Ruthruff, Remington, & Johnston, 2001 ; see also Dreisbach, Haider, & Kluwe, 2002) . A predictable task sequence that is learned implicitly does not lead to a smaller switch cost than a novel task sequence (Gotler, Meiran, & Tzelgov, 2003; Heuer, Schmidtke, & Kleinsorge, 2001; Koch, 2001 Koch, , 2005 . Finally, many researchers have argued that a predictable task sequence should decrease switch cost when there is ample time to prepare for a task switch (e.g., Rogers & Monsell, 1995) , but manipulations of preparation time have yielded mixed results (Altmann, 2004) .
Other studies on manipulating task order in dual-task performance and switching tasks in sequences have provided some evidence for a functional relationship between the sequence and task levels. Subjects tend to repeat task order in dual-task performance and prepare for rapid switches from the first to the second task when task order alternates (De Jong, 1995) ; the latter result is supported by the finding that switching task order leads to an order switch cost that decreases as preparation time increases (Luria & Meiran, 2003) . These authors suggested that "the sequential preparation for and performance of the individual tasks in overlappingtask performance is coordinated and controlled by a multi-level control structure" (De Jong, 1995, p. 21) and that subjects "activate an explicit representation of the subtask sequence during online order control" (Luria & Meiran, 2003, p. 563) . Lien and Ruthruff (2004) manipulated the spatial and temporal grouping of stimuli to induce a hierarchical control structure when switching tasks in sequences, discovering that stronger manipulations led to increasingly smaller relative switch costs.
1 In some cases, they obtained no switch costs at all and proposed that preparing for a task sequence can eliminate task-level effects. Koch, Philipp, and Gade (2006) found that task-set inhibition (slower performance for n -2 task repetitions than for n -2 task switches; see Mayr & Keele, 2000) was attenuated when the n -2 task repetitions occurred within an explicitly known task sequence, which was interpreted as evidence that the hierarchical structure of the task sequence facilitated task performance. In the task span procedure, in which subjects perform a memorized list of tasks, Logan (2004) obtained evidence of chunking with long task sequences (indicative of hierarchical organization in memory; see Bower & Winzenz, 1969) and noted that subjects were slow when initiating a sequence, an effect that tended to increase with sequence length. Logan (in press) also found that switch costs were larger in the task span procedure than in explicit task-cuing procedures and were affected by keeping track of task order and protecting task-level performance from content-specific interference from a memorized sequence.
Evidence is starting to accumulate for a functional relationship between the sequence and task levels, but there are mixed results in the literature. A critical issue that has not been adequately addressed in many previous studies is what happens at sequence transitions, when sequence-level processes would presumably have to be active to instantiate or maintain a hierarchical control structure in working memory. The operation of these high-level processes for sequence transitions could change the state of the cognitive system and affect the low-level processes associated with task transitions, possibly perturbing switch costs. Identifying such an interaction would provide strong evidence that sequencelevel processing affects task-level processing, and represent a compelling example of hierarchical control in cognition.
The Present Study
We addressed the relationship between sequence-and task-level processing with four experiments in which subjects repeated and switched tasks that were organized in explicit, memorized sequences. All experiments were based on the following procedure: At the start of a block of trials, subjects memorized a task sequence involving task switches and task repetitions (e.g., ABBA). The sequence was then performed repeatedly during the block (except in Experiment 4) on a series of target stimuli. Except for the requirement to repeat the sequence, this procedure resembles the task span procedure developed by Logan (2004 Logan ( , 2006 to investigate the relationship among working memory, task switching, and executive control. An advantage of this procedure is that it allows us to have greater confidence in attributing any changes in switch cost to hierarchical control from the sequence level to the task level (rather than to other effects, such as priming of cue encoding; e.g., Schneider & Logan, 2005) , because subjects must rely on their memory of the task sequence to perform the correct task on each trial (see also Koch, 2003) . If subjects forget the task sequence, they will not know which task to perform, because there are no external task cues.
To assess potential interactions between sequence-and tasklevel processing, we calculated two measures of switch cost in our analyses: overall and within-sequence switch costs. We define overall switch cost as the difference between task switches and task repetitions, irrespective of where those task transitions occur in a sequence. This is the standard measure of switch cost in almost all task-switching studies, but it will become clear from our results that it is a flawed measure if one does not recognize the contribution of hierarchical control to task performance. We define withinsequence switch cost as the difference between task switches and task repetitions, excluding the first serial position in a sequence. The rationale for calculating within-sequence switch cost is that if there is a relationship between sequence-and task-level processing, it should be most pronounced on trials that mark sequence transitions (i.e., the first serial position of a sequence). We are not excluding the possibility that sequence-level processing can affect task performance beyond the first serial position, but such effects are likely to be weaker.
If task-level processing is unaffected by sequence-level processing, then there are two basic predictions in our experiments. First, overall switch costs (as well as within-sequence switch costs) should not differ between different sequences, especially when the sequences have the same task and task transition frequencies and produce identical patterns of task transitions across an extended series of trials (e.g., AABB and ABBA sequences). Second, switch costs should not be affected at sequence transitions, regardless of the type of sequence-level processing (e.g., repeating or switching sequences) that is required to identify the relevant task.
If task-level processing is affected by sequence-level processing, then overall switch costs (but not necessarily within-sequence switch costs) should differ between sequences. Moreover, switch costs should be affected at sequence transitions, becoming either larger or smaller owing to sequence-level processing. This latter effect would provide strong evidence of hierarchical control because it would imply a functional relationship between the sequence and task levels, with task-level effects being altered by sequence-level processing.
Experiment 1
The purpose of Experiment 1 was to obtain evidence of hierarchical control between the sequence and task levels. Subjects 1 In Lien and Ruthruff's (2004) experiments, relative switch cost was defined as the difference between task switches that were sequence repetitions and task repetitions that were sequence switches. Positive values were interpreted as evidence that the task level dominated the sequence level; negative values were associated with the reverse relationship. The validity of this measure rests on the assumption that processing at one level has no effect on processing at the other level. Our data and those of Lien and Ruthruff (2004, Experiments 6 and 7) do not support this assumption; therefore, we adopted different measures of switch cost in the present study. performed AABB and ABBA task sequences. We calculated overall and within-sequence switch costs to gauge differences between the sequences. We expected differences in overall switch costs due to sequence initiation time effects-slower performance at the first serial position relative to subsequent serial positions, reflecting the time required to restart a sequence. This expectation was motivated by a number of findings.
First, hierarchical control in the performance of motor sequences is pronounced at the boundaries of organizational units (for a review, see Keele, Cohen, & Ivry, 1990) . The organizational unit in the present study is the task sequence; therefore, we expected hierarchical control to be manifest at sequence transitions. Note that these sequence transitions occur at an abstract level: A task sequence does not specify a sequence of motor actions but rather a sequence of task goals for what to do with a random series of target stimuli.
Second, there is evidence from Logan's (2004) task span procedure that performance is slower at the start of a sequence and that the degree of slowing is related to sequence length. However, in the task span procedure, the start of a sequence is always the first trial performed by subjects, so sequence initiation times are confounded with startup costs. This confound is not present in our experiments because subjects repeated every sequence several times and we excluded the first iteration of every sequence in our analyses.
Third, in Lien and Ruthruff's (2004) experiments on hierarchical control structures induced by stimulus factors, there was evidence of sequence initiation times with their two-task sequences (e.g., in the fixed-order condition in their Experiments 2-5). However, their sequence initiation times reflected spatial and temporal grouping of stimuli. We wanted to link sequence initiation to explicit knowledge of a task sequence in memory.
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Sequence initiation times and related effects such as restart costs have been observed in many studies (e.g., Allport & Wylie, 2000; Anderson & Matessa, 1997; Henry & Rogers, 1960; Klapp, Anderson, & Berrian, 1973; Logan, 2004; Povel & Collard, 1982; Sternberg, Monsell, Knoll, & Wright, 1978) and imply hierarchical control because task performance mirrors the structure of the sequence. A critical issue addressed in Experiment 1 is whether sequence initiation affects task-level performance beyond what we can infer from differences in overall switch costs.
If task-level processing depends on sequence-level processing, then switch costs should be affected at sequence transitions, as reflected by magnified or attenuated switch costs at the first serial position across sequences. Changes in switch cost across serial positions are related to but separate from sequence initiation time effects-it is possible to have one effect without the other. Obtaining altered switch costs at the first serial position, relative to within-sequence switch costs, would allow us to go beyond the inferences drawn from sequence initiation time effects and establish hierarchical control of the cognitive processes involved in task switching.
Method
Subjects. Twenty students from Vanderbilt University completed the experiment in exchange for course credit.
Apparatus and stimuli. The experiment was conducted using computers running E-Prime software (Version 1.1; Psychology Software Tools, 2002). Input was registered from standard keyboards, and output was displayed on monitors. Eight target stimuli were created from the factorial combination of three dimensions: color (red or blue), shape (circle or triangle), and size (large [7.0 ϫ 7.0 cm] or small [3.5 ϫ 3.5 cm]). The two tasks were color and shape judgments. Target size was manipulated to increase the number of targets and reduce the number of identical target repetitions across trials. Viewing distance was unconstrained but approximately 60 cm.
Procedure. Subjects performed the experiment in private testing rooms after giving informed consent. Instructions concerning the trial format, tasks, target stimuli, response-key mappings, and sequences were presented onscreen and explained by the experimenter. There were two sequences: AABB and ABBA. Both sequences are matched for task frequency and task transition frequency, so any differences in switch cost cannot be attributed to differences in frequency. Across an extended series of trials, both sequences produce identical patterns of task transitions (e.g., ABBAABBA . . .); the only difference is how trials are organized as iterations of a sequence. All possible designations of the color and shape tasks as A or B were used, yielding four task-specific sequences (CCSS, SSCC, CSSC, and SCCS, where C and S denote the color and shape tasks, respectively) that were displayed onscreen as uppercase words separated by commas (e.g., COLOR, COLOR, SHAPE, SHAPE for the CCSS sequence). Subjects were instructed to perform the tasks according to the task-specific sequence indicated at the start of each block of trials, repeating the sequence every four trials. The experimenter stressed the importance of remembering the relevant sequence during each block and responding quickly and accurately on every trial.
A block began with a screen indicating the relevant task-specific sequence, which had to be memorized because there was no reminder about the sequence during the block. Subjects completed two practice blocksone block for each sequence (AABB and ABBA), with the task-specific sequence randomly selected. Subjects then completed 20 experimental blocks-five blocks for each task-specific sequence, randomly selected with the restriction that each sequence be used once every four blocks. Blocks were separated by rest periods. There were 24 trials per block, allowing six iterations of the relevant sequence and three presentations of each target.
A trial began with the immediate onset of a randomly selected target. The target remained onscreen until the subject responded by pressing the F or J key. Response categories for the same task were assigned to different response keys, and the four possible response-key mappings were counterbalanced across subjects. Text indicating the response-key mappings appeared as a reminder for the duration of each trial in gray 14-point Courier New font in the bottom-left and bottom-right corners of the screen for the F and J keys, respectively. After a response, the target was erased and the next trial commenced after a response-stimulus interval of 500 ms. The response time (RT) and response on each trial were recorded. The experiment lasted about 25 min.
Results and Discussion
Practice blocks and any blocks with error rates exceeding 20% (M ϭ 0.25 blocks per subject) were excluded from all analyses. A block error rate criterion was implemented because a high error rate may reflect a failure to remember the relevant sequence during the block, obfuscating the interpretation of any effects. The first iteration of a sequence was excluded from all analyses to avoid any artifacts associated with block initiation (cf. Allport & Wylie, 2000; Logan, 2004) . Trials with RTs below 100 ms or above 4,000 ms (M ϭ 0.86% of trials per subject) were excluded as outliers. Trials with errors were excluded from the RT analysis.
We collapsed across task-specific sequences for the AABB and ABBA sequences (i.e., CCSS and SSCC; CSSC and SCCS) because they had identical patterns of data. Trials were classified as task switches or task repetitions according to the relationship between the tasks on trials n and n -1. Mean RT and error rate were calculated across subjects for each serial position in each sequence. These data are provided in Table 1 , and mean RTs are plotted in Figure 1 . The RT and error rate data were submitted to separate 2 (sequence) ϫ 4 (serial position) repeated measures analyses of variance (ANOVAs), which are summarized in Table  2 . The omnibus ANOVA effects are not of particular interest; therefore, planned comparisons using the error term from the Sequence ϫ Serial Position interaction are reported below.
Error rate analysis. Mean error rate was 1.8% (see Table 1 ). Overall switch costs were -0.1% and 1.4% for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 57) ϭ 5.39, p Ͻ .05, p 2 ϭ .09. The difference in overall switch costs was primarily due to the absence of a switch cost when comparing the first serial position of each sequence: The first serial position of the AABB sequence was a task switch with 1.2% error rate, and the first serial position of the ABBA sequence was a task repetition with 1.2% error rate. Excluding the first serial position, within-sequence switch costs were 0.2% and 1.3% for the AABB and ABBA sequences, respectively, which were not significantly different, F(1, 57) ϭ 1.80, p ϭ .19, p 2 ϭ .03. These data provide evidence of hierarchical control: sequence-level processing affected task-level processing at the first serial position of each sequence, producing no switch cost and perturbing overall switch cost. The nonsignificant difference in within-sequence switch costs suggests that these effects were attenuated beyond the first serial position.
RT analysis. Overall switch costs were 322 ms and -45 ms for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 57) ϭ 165.84, p Ͻ .001, p 2 ϭ .74. The difference in overall switch costs indicates that task-switching performance was affected by the different sequences. We examined the mean RTs across serial position for each sequence (see Figure 1 ), and the source of the difference was readily apparent: RT for the first serial position of each sequence (i.e., sequence initiation time) was much slower than the mean RT collapsed across subsequent serial positions, Fs(1, 57) Ͼ 213.64, ps Ͻ .001, p 2 s Ͼ .78. Overall switch costs differed between sequences because sequence initiation times affected different task transitions. Repeating the sequence increased the overall switch cost for the AABB sequence because the first serial position was a task switch but decreased the overall switch cost for the ABBA sequence because the first serial position was a task repetition (see Table 1 ).
A negative overall switch cost for the ABBA sequence does not mean that subjects were faster at switching than at repeating tasks. It is apparent in Table 1 that the task repetition occurring at the third serial position was much faster than either task switch in the sequence. Within-sequence switch costs were calculated to obtain a measure of task-switching performance that was relatively unaffected by sequence initiation. Within-sequence switch costs were 228 ms and 258 ms for the AABB and ABBA sequences, respectively, which were not significantly different, F(1, 57) Ͻ 1. These data are consistent with the error rate data in showing that the effects of hierarchical control were most pronounced for the first serial position and attenuated for subsequent serial positions. Moreover, these analyses suggest that overall switch cost may be a misleading measure of task switching when performing task sequences if one does not take into account the effects of hierarchical control.
Stronger evidence of hierarchical control comes from analysis of performance at the first serial position. RT at the first serial position of the AABB sequence (a task switch) was 173 ms faster than that of the ABBA sequence (a task repetition), F(1, 57) ϭ 36.62, p Ͻ .001, p 2 ϭ .39, a "switch benefit" that was replicated in Experiments 3 and 4. The absence of a switch cost at the first serial position replicates the error rate data and can be interpreted in many ways. One interpretation is that whenever a sequence repeated, sequence-level processing was necessary to maintain the hierarchical control structure in working memory, either through rehearsal or by resetting the current position in the task sequence. Even though the hierarchical control structure remained unchanged, the act of maintaining it served to refresh or reset the contents of working memory, with at least two possible consequences. One possibility is that task sets are linked to the existing hierarchical control structure, and operating on that structure eliminates the activation of associated task sets. Some authors have suggested that switch costs are due to interference from previously activated task sets (e.g., Allport et al., 1994) ; therefore, eliminating such activation would eliminate switch costs. Another possibility is that when moving from the task level to the sequence level, the current task set may shift to a neutral state that is not biased toward one task over another. When performing the task at the first serial position of the sequence, the task set would then have to be "reconfigured" (Rogers & Monsell, 1995) regardless of the task transition, yielding no switch cost.
We cannot distinguish between these possibilities with our data, but the overarching point is that they both reflect hierarchical control: sequence-level processing affected task-level processing in a way that resulted in no switch cost. This interpretation is consistent with the position of Lien and Ruthruff (2004) , who argued that the benefit of a task repetition is fragile and can be eliminated in situations involving hierarchical control. However, contrary to Lien and Ruthruff's view, we obtained evidence of hierarchical control with a supposedly flat (i.e., nonhierarchical) task structure, suggesting that their perspective is too constrained. We argue that hierarchical control depends on the representational structure in working memory and is manifest in the relationship between the sequence and task levels: Sequence-level processing sets the stage for subsequent task-level processing, thereby perturbing task-level effects.
There is an alternative interpretation of the absence of a switch cost that does not imply hierarchical control. 3 Sequence initiation and task switching may operate independently and in parallel. If sequence initiation takes longer than task switching and both types of processing must finish to enable task performance, then switch cost at the first serial position could be partially absorbed in the slack time produced by sequence initiation (Schweickert, 1978; Schweickert & Townsend, 1989) . For subsequent serial positions, sequence initiation would be unnecessary, resulting in no slack time and therefore no reduction in switch cost. This interpretation is consistent with our data but may not be plausible in practice. Even if sequence initiation and task switching were independent and could operate in parallel, it seems unlikely for task switching to occur while refreshing the representation of the task sequence in working memory from which the relevant task must be retrieved. 4 If task performance depends on knowing the relevant task and knowing the relevant task depends on having the sequence readily available in memory, then task switching cannot begin while the sequence is still being processed in working memory. This interpretation becomes even more unlikely in the context of Experiment 4, in which we obtained no switch cost at the first serial position when switching sequences. Task switching cannot occur in advance if the relevant task must be identified from a sequence that has yet to be instantiated in working memory. Consequently, we prefer to interpret the absence of a switch cost in the error rate and RT data as evidence of hierarchical control.
A remaining issue is why there was a switch benefit at the first serial position. We offer two possible reasons: (a) Sequence initiation may take longer when it involves a task repetition, implying that task-level processing affects sequence-level processing, or (b) sequence initiation may take longer when the structure of a sequence is more complex, implying that sequence-level processing is specific to the demands of the sequence. To elaborate on the latter reason, if we use the number of task switches within a sequence as an index of its complexity, the ABBA sequence involves two within-sequence task switches, whereas the AABB sequence involves one within-sequence task switch. If sequence initiation involves preparation for forthcoming task switches (Lien & Ruthruff, 2004) , then one would expect a slower sequence initiation time for the ABBA sequence compared with the AABB sequence, as we observed. Experiment 2 was designed to distinguish between these interpretations.
Experiment 2
Experiment 1 provided evidence of hierarchical control when switching tasks in sequences. The purpose of Experiment 2 was twofold: First, we wanted to extend the findings with four-task sequences in Experiment 1 to six-task sequences. Second, we wanted to examine differences in sequence initiation time for different sequences. Are sequence initiation times always slower for task repetitions than for task switches, reflecting "repetition costs" in task-switching performance? Alternatively, do the differ- 3 We thank Bernhard Hommel for suggesting this interpretation. 4 It may be possible to retain a variant of this interpretation by assuming that sequence-and task-level processes are cascaded, such that task-level processing can begin as soon as some information about the relevant task is available, even if sequence-level processing has not finished (McClelland, 1979 ences have nothing to do with task switching but instead reflect the sensitivity of sequence initiation to differences in sequence complexity? Subjects performed AAABBB, AABABB, AABBBA, and ABABBA sequences. If sequence initiation times are slower for task repetitions than for task switches between iterations for sequences of comparable complexity, then first serial position RTs should be longer for the AABBBA and ABABBA sequences when compared with the AAABBB and AABABB sequences, respectively. If sequence initiation times vary as a function of sequence complexity, then a different pattern would be expected. For convenience, sequence complexity is indexed by the number of within-sequence task switches, a measure that correlates perfectly with other methods of coding the complexity of binary sequences (e.g., by successive run lengths; see Simon, 1972, p. 376) . On the basis of this measure, first serial position RTs should be longer for the AABABB and ABABBA sequences (with three and four within-sequence task switches, respectively) when compared with the AAABBB and AABBBA sequences (with one and two withinsequence task switches, respectively), where the task transition between iterations is constant for each comparison. Differences in first serial position RTs for these comparisons would indicate that the process of sequence initiation is sensitive to sequence complexity and may involve preparation for the task transitions within the to-be-performed sequence.
Method
Subjects. Twenty students from Vanderbilt University completed the experiment in exchange for course credit. None of the subjects had taken part in Experiment 1.
Apparatus and stimuli. The apparatus and stimuli were identical to those in Experiment 1.
Procedure. The procedure was identical to that of Experiment 1, except for the following changes. There were four sequences: AAABBB, AABABB, AABBBA, and ABABBA. All sequences are matched for task frequency but not for task transition frequency. Sequences were chosen such that there were pairs of sequences (AAABBB and AABABB, AABBBA and ABABBA) that were similar in structure and had the same task transition between iterations of each sequence. Note that the paired sequences differ only in the transposition of tasks at two serial positions (i.e., the AAABBB sequence becomes the AABABB sequence when the tasks at Serial Positions 3 and 4 are transposed; the AABBBA sequence becomes the ABABBA sequence when the tasks at Serial Positions 2 and 3 are transposed). All possible designations of the color and shape tasks as A or B were used, yielding eight task-specific sequences (CCCSSS, SSS-CCC, CCSCSS, SSCSCC, CCSSSC, SSCCCS, CSCSSC, and SCSCCS). Subjects were instructed to perform the tasks according to the task-specific sequence indicated at the start of each block of trials, repeating the sequence every six trials.
Subjects completed two practice blocks-two of the four sequences (AAABBB, AABABB, AABBBA, and ABABBA) were randomly selected, with the task-specific sequence randomly selected. Subjects then completed 24 experimental blocks-three blocks for each task-specific sequence, randomly selected with the restriction that each sequence be used once every eight blocks. There were 48 trials per block, allowing eight iterations of the relevant sequence and six presentations of each target. The trial format was identical to that of Experiment 1. The experiment lasted about 45 min.
Results and Discussion
Practice blocks and any blocks with error rates exceeding 20% (M ϭ 0.85 blocks per subject) were excluded from all analyses. The first iteration of a sequence and trials with RTs below 100 ms or above 4,000 ms (M ϭ 1.17% of trials per subject) were also excluded from all analyses. Trials with errors were excluded from the RT analysis.
We collapsed across task-specific sequences for the AAABBB, AABABB, AABBBA, and ABABBA sequences because they had identical patterns of data. Trials were classified as task switches or task repetitions, and then mean RT and error rate were calculated across subjects for each serial position in each sequence. These data are provided in Table 3 , and mean RTs are plotted in Figure  2 . The RT and error rate data were submitted to separate 4 (sequence) ϫ 6 (serial position) repeated measures ANOVAs, which are summarized in Table 4 . The omnibus ANOVA effects are not of particular interest; therefore, planned comparisons using the error term from the Sequence ϫ Serial Position interaction are reported below. Error rate analysis. Mean error rate was 3.3% (see Table 3 ). Overall switch costs were 2.2%, 2.2%, 1.4%, and 2.3% for the AAABBB, AABABB, AABBBA, and ABABBA sequences, respectively, none of which was significantly different from any other, all Fs(1, 285) Ͻ 1.22, ps Ͼ .27. Within-sequence switch costs were 2.1%, 2.5%, 1.2%, and 2.1% for the AAABBB, AAB-ABB, AABBBA, and ABABBA sequences, respectively, none of which was significantly different from any other, all Fs(1, 285) Ͻ 2.35, ps Ͼ .12. The lack of any differences among overall switch costs was likely due to the presence of a switch cost of 1.9% across sequences for the first serial position. These results would seem to indicate a lack of a relationship between the sequence and task levels with six-task sequences, but the RT data suggest otherwise.
RT analysis. Overall switch costs were 374, 439, 197, and -46 ms for the AAABBB, AABABB, AABBBA, and ABABBA sequences, respectively, all of which were significantly different from each other, Fs(1, 285) Ͼ 20.40, ps Ͻ .001, p 2 s Ͼ .06, except for the comparison of the AAABBB and AABABB sequences (374 ms vs. 439 ms), F(1, 285) ϭ 2.79, p ϭ .10, p 2 ϭ .01. Consistent with the results of Experiment 1, the differences in overall switch costs were produced by sequence initiation time effects. RT profiles across serial position are plotted in Figure 2 for pairs of sequences involving the same task transition between iterations; RT was slowed at the first serial position relative to mean RT collapsed across subsequent serial positions for all sequences, Fs(1, 285) Ͼ 38.80, ps Ͻ .001, p 2 s Ͼ .11. There was no evidence in Experiment 2 that task repetitions were inherently associated with slower sequence initiation times than task switches. First serial position RT for the ABABBA sequence (a task repetition; 1,421 ms) was a nonsignificant 10 ms faster than that of the AABABB sequence (a task switch; 1,431 ms), F(1, 285) Ͻ 1. First serial position RT for the AABBBA sequence (a task repetition; 1,045 ms) was 76 ms faster than that of the AAABBB sequence (a task switch; 1,121 ms), a difference that was not statistically significant, F(1, 285) ϭ 2.79, p ϭ .10, p 2 ϭ .01. Note that the two sequences in each comparison produce identical patterns of task transitions across an extended series of trials. The absence of statistically significant switch costs provides further evidence of hierarchical control from the sequence level to the task level, but these data do not support the reverse relationship: Task-level processing does not seem to affect sequence initiation.
Sequence complexity effects were examined by comparing first serial position RTs for pairs of sequences involving the same task transition between iterations but different numbers of withinsequence task switches. The AAABBB and AABABB sequences both involve a task switch between iterations, whereas the AABBBA and ABABBA sequences both involve a task repetition between iterations; these paired sequences are depicted in the top and bottom panels of Figure 2 , respectively. First serial position RT for the AAABBB sequence (one within-sequence task switch) was 310 ms faster than that of the AABABB sequence (three within-sequence task switches), F(1, 285) ϭ 47.30, p Ͻ .001, p 2 ϭ .14. First serial position RT for the AABBBA sequence (two within-sequence task switches) was 376 ms faster than that of the ABABBA sequence (four within-sequence task switches), F(1, 285) ϭ 69.28, p Ͻ .001, p 2 ϭ .20. These data indicate that sequence initiation times vary as a function of sequence complexity, suggesting that sequence initiation may involve preparation for the task transitions within the to-be-performed sequence, not just maintenance of a hierarchical control structure in working memory (De Jong, 1995; Lien & Ruthruff, 2004) . More within-sequence task switches require more preparation, resulting in slower sequence initiation times that reflect stronger effects of sequence-level processing. An important distinction between the present results and past research is that our sequence complexity effects do not reflect motor preparation (Henry & Rogers, 1960; Rosenbaum et al., 1983) because the series of target stimuli-and hence the sequence of motor responses-was random across trials, both within and between iterations of a task sequence, so subjects could not have prepared motor responses in advance.
The differences in first serial position RTs between sequences of differing complexity are partly qualified by differences in overall RT, which can be analyzed by comparing the within-sequence serial positions involving the same task transition for each paired sequence (i.e., Serial Positions 2, 4, and 6 involve the same task transitions in the AAABBB and AABABB sequences; Serial Positions 3, 5, and 6 involve the same task transitions in the AABBBA and ABABBA sequences; see Table 3 ). Mean RT for the relevant serial positions in the AAABBB sequence was 165 ms faster than that of the AABABB sequence, F(1, 285) ϭ 40.31, p Ͻ .001, p 2 ϭ .12. Mean RT for the relevant serial positions in the AABBBA sequence was 157 ms faster than that of the ABABBA sequence, F(1, 285) ϭ 36.33, p Ͻ .001, p 2 ϭ .11. There are two plausible interpretations of these effects. First, the effects may indicate that sequence complexity affects task-level performance beyond the first serial position. The overall shift in RT may not have been evident in Experiment 1 because the AABB and ABBA sequences were not sufficiently different to produce any shift. The variety of sequences used in Experiment 2 permitted a range of sequence complexity that may have enabled us to detect a shift. Second, the effects may reflect task transition frequency rather than sequence complexity. Recent studies have provided evidence that transition frequency affects task-switching performance (Monsell & Mizon, 2006; Schneider & Logan, 2006) and that a high frequency of task switches can elevate overall RT (Schneider & Logan, 2006) . Unfortunately, transition frequency and sequence complexity are confounded in our experiments; therefore, additional research with a modified experimental design is necessary to distinguish between these interpretations.
As in Experiment 1, it is useful to examine task-switching performance that is influenced to a lesser extent by sequence initiation. In Experiment 2, within-sequence switch costs were 292, 369, 280, and 221 ms for the AAABBB, AABABB, AABBBA, and ABABBA sequences, respectively, none of which was significantly different from any other, Fs(1, 285) Ͻ 2.78, ps Ͼ .09, except for the comparison of the AABABB sequence with the AABBBA sequence (369 ms vs. 280 ms), F(1, 285) ϭ 4.70, p Ͻ .05, p 2 ϭ .02, and with the ABABBA sequence (369 ms vs. 221 ms), F(1, 285) ϭ 10.30, p Ͻ .01, p 2 ϭ .03. The smaller differences in within-sequence switch costs suggest that beyond shifts in overall RT and sequence initiation times, the effects of hierarchical control on task-switching performance are attenuated within a sequence.
Experiment 3
Experiment 2 provided evidence that differences in sequence initiation time are related to sequence complexity, suggesting that sequence initiation may involve preparation for the task transitions in the to-be-performed sequence. Following up on this suggestion, the purpose of Experiment 3 was to examine how sequence initiation time is affected by preparation time.
Subjects performed the AABB and ABBA sequences from Experiment 1, except the response-stimulus interval (RSI) between successive trials was manipulated. The RSI preceding serial positions within the sequence (the within-sequence RSI) was shortened to 120 ms, and the RSI preceding the first serial position of the sequence (the iteration RSI) was 500 ms or 1,000 ms in separate blocks. The RSI manipulation introduces temporal grouping of trials in accordance with the prescribed sequence, but it is clear from Experiment 1 that such grouping is not necessary to induce a hierarchical control structure in working memory (cf. Lien & Ruthruff, 2004) .
We expected that first serial position RT would be slower for the ABBA sequence than for the AABB sequence, replicating Experiment 1. The main prediction concerned changes in first serial position RT with iteration RSI: If sequence initiation involves preparation for performance of a task sequence, then sequence initiation time should decrease as preparation time increases. Such an effect would be consistent with our view that the relationship between sequence-and task-level processing reflects hierarchical control.
Method
Subjects. Twenty students from Vanderbilt University completed the experiment in exchange for course credit or $5. None of the subjects had taken part in Experiment 1 or 2.
Apparatus and stimuli. The apparatus and stimuli were identical to those in Experiments 1 and 2.
Procedure. The procedure was identical to that of Experiment 1 except for the manipulation of RSI: The within-sequence RSI was 120 ms, and the iteration RSI was 500 ms or 1,000 ms in separate blocks. Consequently, the start of each iteration of the sequence was accompanied by a longer RSI; this point was mentioned to subjects in the instructions.
Subjects completed two practice blocks-one block for each sequence (AABB and ABBA), with the task-specific sequence and iteration RSI randomly selected. Subjects then completed 16 experimental blocks-two blocks for each task-specific sequence with each iteration RSI, randomly selected with the restriction that each block type be used once every eight blocks. There were 40 trials per block, allowing 10 iterations of the relevant sequence and five presentations of each target. The trial format was identical to that of Experiments 1 and 2 except for the RSI manipulation. The experiment lasted about 25 min.
Results and Discussion
Practice blocks and any blocks with error rates exceeding 20% (M ϭ 0.10 blocks per subject) were excluded from all analyses. The first iteration of a sequence and trials with RTs below 100 ms or above 4,000 ms (M ϭ 1.16% of trials per subject) were also excluded from all analyses. Trials with errors were excluded from the RT analysis.
We collapsed across task-specific sequences for the AABB and ABBA sequences because they had identical patterns of data. Trials were classified as task switches or task repetitions, and then mean RT and error rate were calculated across subjects for each serial position in each sequence as a function of iteration RSI. These data are provided in Table 5 , and mean RTs are plotted in Figure 3 . The RT and error rate data were submitted to separate 2 (sequence) ϫ 2 (iteration RSI) ϫ 4 (serial position) repeated measures ANOVAs, which are summarized in Table 6 . The omnibus ANOVA effects are not of particular interest; therefore, planned comparisons using the relevant error terms from these ANOVAs are reported below.
Error rate analysis. Mean error rate was 1.9% (see Table 5 ). There was no main effect of iteration RSI, and it did not participate in any interactions (see Table 6 ); therefore, we collapsed across iteration RSI in our calculation of switch costs. Overall switch costs were 0.8% and 1.8% for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 57) ϭ 4.30, p Ͻ .05, p 2 ϭ .07. As in Experiment 1, the difference in overall switch costs was primarily due to the absence of a switch cost when comparing the first serial position of each sequence: The first serial position of the AABB sequence was a task switch with 1.4% error rate, and the first serial position of the ABBA sequence was a task repetition with 1.0% error rate, resulting in a nonsignificant switch cost of 0.4%, F(1, 57) Ͻ 1. Within-sequence switch costs were 1.5% and 1.7% for the AABB and ABBA sequences, respectively, which were not significantly different, F(1, 57) Ͻ 1. These data replicate those of Experiment 1 and demonstrate the effects of hierarchical control on error rate at sequence transitions. The lack of a main effect or any interactions involving iteration RSI indicates that preparation time did not affect error rate, but the next analysis shows that it had a strong effect on RT.
RT analysis. Overall switch costs and within-sequence switch costs for each sequence did not differ between iteration RSIs, all Fs(1, 57) Ͻ 1.75, ps Ͼ .18. Overall switch costs (collapsed across iteration RSI) were 446 ms and -11 ms for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 57) ϭ 609.87, p Ͻ .001, p 2 ϭ .91. First serial position RT for each sequence was slower than the mean RT collapsed across subsequent serial positions, Fs(1, 57) Ͼ 673.81, ps Ͻ .001, p 2 s Ͼ .91. The difference in overall switch costs was primarily due to differences in sequence initiation time (see Figure 3 ): First serial position RT for the ABBA sequence was 68 ms slower than that of the AABB sequence, a significant difference, F(1, 57) ϭ 13.55, p Ͻ .001, p 2 ϭ .19. These data replicate the pattern of overall switch costs and sequence initiation times observed in Experiment 1. Within-sequence switch costs (collapsed across iteration RSI) were 329 ms and 277 ms for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 57) ϭ 5.18, p Ͻ .05, p 2 ϭ .08. The significant difference in within-sequence switch costs is in contrast to the nonsignificant difference observed in Experiment 1 for reasons that are unclear.
The critical data in Experiment 3 concern the effect of iteration RSI on first serial position RT. For the AABB sequence, first serial position RT decreased 54 ms as the iteration RSI increased from 500 to 1,000 ms, F(1, 57) ϭ 4.30, p Ͻ .05, p 2 ϭ .07. For the ABBA sequence, first serial position RT decreased 130 ms as the iteration RSI increased from 500 to 1,000 ms, F(1, 57) ϭ 24.68, p Ͻ .001, p 2 ϭ .30. The difference between sequences in the reduction of first serial position RT with iteration RSI was significant, F(1, 57) ϭ 4.19, p Ͻ .05, p 2 ϭ .07, reflecting the fact that the significant difference between first serial position RTs at the 500-ms iteration RSI (a 106-ms "switch benefit") became a nonsignificant difference at the 1,000-ms iteration RSI (see Figure 3) , F(1, 57) ϭ 1.34, p ϭ .25. Note that there was no switch cost at the first serial position for either iteration RSI, providing further evidence of hierarchical control that is consistent with Experiments 1 and 2.
These data indicate that sequence initiation time can be reduced by increasing preparation time: Some of the time associated with sequence initiation was absorbed in the longer iteration RSI, leading to faster first serial position RTs, even in the absence of external cues (cf. Luria & Meiran, 2003) . Doubling the iteration RSI did not eliminate the sequence initiation time for either sequence, but it is possible that a longer iteration RSI could be more effective. These results support the idea that sequence initiation involves preparation for performance of the task sequence and can be interpreted as additional evidence of hierarchical control.
An unexpected finding in Experiment 3 was that the iteration RSI affected performance beyond the first serial position. Collapsing across sequences and excluding the first serial position, mean RT was 45 ms faster with the 1,000-ms iteration RSI compared with the 500-ms iteration RSI (see Figure 3) , even though the within-sequence RSI was always 120 ms. The main effect of iteration RSI from the omnibus ANOVA results reported in Table  6 remained significant in a separate 2 (sequence) ϫ 2 (iteration RSI) ϫ 3 (serial position, excluding the first serial position) repeated measures ANOVA, F(1, 19) ϭ 15.04, MSE ϭ 7,989.84, p Ͻ .01, p 2 ϭ .44. This carryover effect of iteration RSI indicates that the preparation involved in sequence initiation can modulate performance of the entire sequence, suggesting that the degree to which a hierarchical control structure is instantiated and maintained in working memory is related to the amount of time available for preparing the hierarchical control structure.
Experiment 4
As noted earlier, we expected the effects of hierarchical control to be manifest at sequence transitions. In Experiments 1-3, subjects performed the same sequence repeatedly and we focused on the first serial position of sequence repetitions. The purpose of Experiment 4 was to extend our findings to sequence switches, to determine whether sequence transitions mirror task transitions: Is there a cost associated with switching sequences? Luria and Meiran (2003) and Lien and Ruthruff (2004) found sequence switch costs in dual-task and task-switching performance, respectively, but their experiments typically involved only two-task sequences and subjects could rely on external cues rather than sequence information in memory to switch sequences. By modifying the design of Experiments 1-3, we were able to analyze sequence switches and sequence repetitions for longer sequences in the absence of external cues in Experiment 4, allowing us to attribute any effects to the implementation and maintenance of a hierarchical control structure in working memory.
Subjects memorized task-specific AABB and ABBA sequences and then performed the sequences according to a memorized supersequence (a sequence of sequences) that differed between blocks. Within each supersequence there were sequence repetitions and sequence switches, allowing us to examine sequence initiation times for both types of sequence transitions. If switching sequences requires more preparation (i.e., more extensive sequencelevel processing) than repeating a sequence, then first serial position RTs should be greater for sequence switches than for sequence repetitions, with these sequence switch costs exaggerating differences in overall switch cost. Moreover, there should be no switch cost at the first serial position when switching sequences, because changing the hierarchical control structure in working memory should strongly affect task-level processing. The presence of sequence switch costs, perturbed overall switch costs, and no switch cost at the first serial position when repeating and switching sequences would provide further evidence in support of the idea 5 An issue in this experiment is whether the reduction in first serial position RT with increased iteration RSI exceeded the reduction in RT for subsequent serial positions. For the ABBA sequence, the reduction in first serial position RT of 130 ms was significantly greater than the reduction in RT for subsequent serial positions of 37 ms, F(1, 57) ϭ 9.44, p Ͻ .01, p 2 ϭ .14. For the AABB sequence, the reduction in first serial position RT of 54 ms was not significantly greater than the reduction in RT for subsequent serial positions of 52 ms, F(1, 57) Ͻ 1. We speculate that the lack of a differential reduction in RT across serial positions for the AABB sequence may reflect a floor effect. Sequence initiation time may have already been at a near-asymptotic level for the AABB sequence; therefore, an increased iteration RSI would not have yielded a differential reduction in RT. 
Method
Subjects. Twenty-four students from Vanderbilt University completed the experiment in exchange for course credit or $10. None of the subjects had taken part in Experiments 1-3.
Apparatus and stimuli. The apparatus and stimuli were identical to those of Experiments 1-3.
Procedure. The procedure from Experiment 1 was modified to enable sequence repetitions and sequence switches within the same block of trials. Subjects were instructed to memorize two sequences. The sequences were labeled A and B in the experiment, but we refer to them as X and Y to avoid confusing supersequences with their constituent sequences. For half of the subjects, Sequence X was CCSS and Sequence Y was CSSC; for the other half, Sequence X was SSCC and Sequence Y was SCCS. Note that the CCSS and SSCC sequences are task-specific AABB sequences, and the CSSC and SCCS sequences are task-specific ABBA sequences. Subjects completed six practice blocks of trials to facilitate memorization of the sequences. Each practice block began with a screen that reminded subjects about the X and Y sequences. The next screen displayed a string of four letters that indicated how many times one of the sequences was to be performed during the practice block (e.g., XXXX indicated that Sequence X was to be performed four times). Subjects then initiated the block. There were 16 trials per block, allowing two presentations of each target. The trial format was identical to that of Experiments 1 and 2 except the RSI for all trials was 120 ms.
Following the practice blocks, subjects received instructions concerning the experimental blocks. The experimental blocks were identical in format to the practice blocks, except the string of four letters at the start of each block represented one of four supersequences (i.e., a sequence of the X and Y sequences): XXYY, YYXX, XYYX, and YXXY. Note that within each supersequence, there were sequence repetitions (e.g., XX) and sequence switches (e.g., XY). Sequence repetitions and sequence switches occurred with equal frequency across supersequences. Subjects were instructed to perform the X and Y sequences in the order indicated by the supersequence (e.g., XYYX indicated that Sequence X was to be performed first, then Sequence Y twice, then Sequence X to finish the block). The experimenter stressed the importance of remembering the X and Y sequences and the relevant supersequence during each block. The trial format was unchanged from the practice blocks. Subjects completed 2 practice blocks under these conditions-one block involving the XXYY or YYXX supersequence and one block involving the XYYX or YXXY supersequence. Subjects then completed 48 experimental blocks-12 blocks for each supersequence, randomly selected with no restrictions. The experiment lasted about 45 min.
Results and Discussion
Practice blocks and any blocks with error rates exceeding 20% (M ϭ 1.17 blocks per subject) were excluded from all analyses. The first sequence in each supersequence and trials with RTs below 100 ms or above 4,000 ms (M ϭ 3.64% of trials per subject) were also excluded from all analyses. Trials with errors were excluded from the RT analysis.
We collapsed across supersequences and classified task-specific sequences as AABB or ABBA sequences. Sequences were classified as sequence switches or sequence repetitions according to the relationship between the current and immediately preceding sequences in the supersequence. Trials were classified as task switches or task repetitions, and then mean RT and error rate were calculated across subjects for each serial position in each sequence as a function of sequence transition. These data are provided in Table 7 , and mean RTs are plotted in Figure 4 . The RT and error rate data were submitted to separate 2 (sequence) ϫ 2 (sequence transition) ϫ 4 (serial position) repeated measures ANOVAs, which are summarized in Table 8 . The omnibus ANOVA effects are not of particular interest; therefore, planned comparisons based on the relevant error terms from these ANOVAs are reported below.
Error rate analysis. Mean error rate was 1.7% (see Table 7 ). For sequence repetitions, overall switch costs were 0.0% and 1.2% for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 69) ϭ 5.50, p Ͻ .05, p 2 ϭ .07. Replicating Experiments 1 and 3, there was a nonsignificant switch cost of 0.1% between first serial positions, F(1, 69) Ͻ 1. Withinsequence switch costs were 0.4% and 1.1% for the AABB and ABBA sequences, respectively, which were not significantly different, F(1, 69) ϭ 1.16, p ϭ .29. For sequence switches, overall switch costs were -1.8% and 2.7% for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 69) ϭ 69.45, p Ͻ .001, p 2 ϭ .50. Consistent with the sequence repetition data, there was a nonsignificant switch cost of 0.5% between first serial positions, F(1, 69) Ͻ 1. Within-sequence switch costs were -1.9% and 2.9% for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 69) ϭ 54.13, p Ͻ .001, p 2 ϭ .44, suggesting that sequence switches had effects on error rate beyond the first serial position. Regarding potential sequence switch costs in error rate, the difference between first serial positions for sequence switches and sequence repetitions was 0.5% for the AABB sequence and 0.1% for the ABBA sequence, both nonsignificant differences, Fs(1, 69) Ͻ 1. The error rate data are consistent with previous results and provide evidence of hierarchical control.
RT analysis. For sequence repetitions, overall switch costs were 393 ms and -125 ms for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 69) ϭ 317.44, p Ͻ .001, p 2 ϭ .82. First serial position RT for each sequence was slower than the mean RT collapsed across subsequent serial positions, Fs(1, 69) Ͼ 537.19, ps Ͻ .001, p 2 s Ͼ .88. These effects replicate the corresponding results from Experiments 1 and 3. For sequence switches, overall switch costs were 690 ms and -374 ms for the AABB and ABBA sequences, respectively, which were significantly different, F(1, 69) ϭ 1,336.80, p Ͻ .001, p 2 ϭ .95. The difference in overall switch costs was much larger for sequence switches than for sequence repetitions, suggesting that hierarchical control was more pronounced for sequence switches. The substantial differences in overall switch costs were due to sequence switch costs: First serial position RTs were slower for sequence switches compared with sequence repetitions (see Table  7 and Figure 4) . For the AABB sequence, first serial position RT was 631 ms slower for sequence switches compared with sequence repetitions, F(1, 69) ϭ 470.62, p Ͻ .001, p 2 ϭ .87. For the ABBA sequence, first serial position RT was 447 ms slower for sequence switches compared with sequence repetitions, F(1, 69) ϭ 236.00, p Ͻ .001, p 2 ϭ .77. The difference between the AABB and ABBA sequences in the magnitude of these sequence switch costs was significant, F(1, 69) ϭ 20.04, p Ͻ .001, p 2 ϭ .23. These data indicate that sequence initiation time depends on the sequence transition: More sequence-level processing is required for sequence switches than for sequence repetitions, resulting in sequence switch costs.
The sequence switch costs can be explained by considering what must be involved with sequence initiation for both sequence transitions. For sequence repetitions, the hierarchical control structure in working memory can be retained for performance of the next sequence, facilitating sequence initiation. For sequence switches, the hierarchical control structure in working memory has to be changed to accommodate a different sequence. Switching hierarchical control structures is arguably more time consuming than maintaining an existing hierarchical control structure; therefore, sequence initiation would take longer for sequence switches than for sequence repetitions.
Differences in sequence initiation time between the AABB and ABBA sequences can also be examined for each sequence transition. For sequence repetitions, first serial position RT for the ABBA sequence was 168 ms slower than that of the AABB sequence, a significant difference, F(1, 69) ϭ 33.45, p Ͻ .001, p 2 ϭ .33, replicating Experiments 1 and 3. For sequence switches, first serial position RT for the ABBA sequence was a nonsignificant 16 ms faster than that of the AABB sequence, F(1, 69) Ͻ 1. An absence of switch cost at the task level for either sequence repetitions or sequence switches represents additional evidence of hierarchical control-maintaining or changing the hierarchical control structure altered the contents of working memory in a way that eliminated switch cost.
The effects of sequence transition on task-switching performance were attenuated beyond the first serial position (see 4). In a 2 (sequence) ϫ 2 (sequence transition) ϫ 3 (serial position, excluding the first serial position) repeated measures ANOVA, the main effect of sequence transition, the Sequence Transition ϫ Serial Position interaction, and the Sequence ϫ Sequence Transition ϫ Serial Position interaction-which were all highly significant in the original ANOVA (see Table 8 )-only approached significance, all Fs Ͻ 3.81, ps Ͼ .06. These marginally significant effects are reflected in the within-sequence switch costs. For the AABB sequence, within-sequence switch costs were 111 ms and 176 ms for sequence switches and sequence repetitions, respectively, which were almost significantly different, F(1, 69) ϭ 3.38, p ϭ .07, p 2 ϭ .05. For the ABBA sequence, within-sequence switch costs were 243 ms and 269 ms for sequence switches and sequence repetitions, respectively, which were not significantly different, F(1, 69) Ͻ 1. These results are consistent with some of the data from Lien and Ruthruff (2004) and indicate that sequence transition effects are associated primarily with sequence initiation.
General Discussion
Hierarchical control of cognitive processes in task-switching performance was established by investigating the relationship between sequence-and task-level processing when subjects performed different tasks that were organized in explicit, memorized sequences. Hierarchical control was inferred from two main findings: (a) sequence initiation time effects-slower RTs for the first serial position of a sequence relative to subsequent serial positions-that were related to sequence complexity, preparation time, and sequence transition; and (b) an absence of switch cost at the first serial position across sequences. The sequence-level processing associated with repeating or switching sequences seems to eliminate task-level effects at the first serial position, suggesting that task performance is strongly linked to the maintenance or instantiation of a hierarchical control structure in working memory. In the remainder of this article, we discuss how these findings relate to research on motor programs, serial memory, task set, and control.
Motor Programs, Serial Memory, and the Domain Generality of Hierarchical Control
Motor programs. Since the time of Lashley (1951) and Miller et al. (1960) , many researchers have recognized the importance of plans in producing complex patterns of behavior. Plans and hierarchical control have been studied extensively in the motor programming literature (for reviews, see Keele et al., 1990; Keele & Summers, 1976; Rosenbaum, 1984 Rosenbaum, , 1987 , and there are many parallels to the present study, including sequence initiation time effects and preparation effects related to sequence complexity.
Studies of simple motor programming (e.g., performing fingertapping sequences) have been conducted by many authors (e.g., Povel & Collard, 1982; Restle & Burnside, 1972; Rosenbaum et al., 1983 ; see also Koch & Hoffmann, 2000) and have generated three findings related to hierarchical control that are mirrored in the present study: (a) Different sequences yield different RT profiles, even if they result in identical patterns of motor responses across an extended series of trials; (b) peaks in the RT profiles occur at positions corresponding to chunks of a hierarchical structure; and (c) response repetition effects coinciding with sequence or chunk transitions are sometimes perturbed. In our experiments, we also found that different sequences yielded different RT profiles, with peaks at the first serial position of each sequence and altered task transition effects at sequence transitions.
Studies of more complex motor programming (e.g., typing and speaking) have provided additional evidence of hierarchical control (e.g., Gordon & Meyer, 1987) and preparation effects related to sequence (or stimulus) complexity (e.g., Klapp et al., 1973; Sternberg et al., 1978) . Henry and Rogers (1960) showed that simple RT for initiating a motor action increased as the complexity of the action increased. Klapp et al. (1973) demonstrated that the time to begin speaking a word was longer if the word had two syllables compared with one syllable, even if subjects were naming pictures (which are not inherently associated with syllables). Related findings have been reported by Sternberg et al. (1978) for lists of words and Rosenbaum (1987) for finger-tapping sequences. Preparation effects based on complexity suggest planning of an entire utterance or sequence that may involve access to each element or chunk (e.g., syllable or task name) in a hierarchical representation, an idea that resonates with Henry and Rogers's "memory drum" theory of action. They suggested that the information for performing a motor action is stored as a program in a form of motor memory and that the time to initiate a movement reflected the time required to transmit a motor program to effectors, with more complicated movements involving more comprehensive programs.
Serial memory. The relationship between plans and memory is not restricted to motor programming; many researchers have also recognized the importance of plans in memory retrieval. Hierarchical organization of items in memory and its effects on recall have been studied extensively in the memory literature (for reviews, see Bower, 1970; Johnson, 1970) , but much of the evidence is restricted to accuracy measures. However, parallels to the present study in terms of sequence and chunk initiation time effects have surfaced recently in the domain of serial memory.
A few studies have focused on RT (i.e., interresponse time [IRT]) in addition to accuracy in the serial recall of digits or letters. In an experiment conducted to establish a set of basic parameters for a model of serial recall (discussed below), Anderson and Matessa (1997) had subjects recall digit sequences that were spatially grouped into chunks during presentation. They observed slower IRTs at the start of each sequence and chunk in forward recall, and these initiation time effects increased as sequence length increased. Anderson et al. (1998) extended these earlier findings with a similar but expanded experiment involving a greater variety of sequence lengths and both forward and backward recall. They found robust sequence and chunk initiation time effects for recall in either direction. Kahana and Jacobs (2000) explored IRTs for serial recall of long lists of consonants that had been memorized to perfection in the absence of instructions to chunk items. Despite variability in the chunking strategies spontaneously adopted by subjects, Kahana and Jacobs obtained clear evidence of sequence and chunk initiation time effects in both forward and backward recall. Collectively, these findings represent evidence of hierarchical control, because the timing of recall closely followed the structure of the sequence in memory, consistent with the sequence initiation time effects in the motor programming literature and in the present study. Domain generality. Although there are parallels between the present study and research on motor programming and serial memory, a critical distinction is that the present study dealt with the performance of task sequences rather than the performance of motor sequences or the simple recall of stimulus sequences. The sequences of motor responses in our experiments were unpredictable because the sequences of target stimuli varied randomly across sequence transitions. Consequently, the sequence initiation time effects in our experiments cannot be attributed to the sequencing of motor actions or target stimuli. Instead, our sequence initiation time effects-and especially the recurrent absence of a switch cost at the first serial position-must be attributed to the sequencing of tasks at a higher and more abstract level of processing.
The distinction between task sequences and motor sequences in particular raises an important caveat: Hierarchical control in the cognitive system does not necessarily have to map onto hierarchical control in the motor system. However, the fact that many similarities exist between the cognitive and motor levels suggests that the hierarchical organization of control tends to be general and not domain specific (Rosenbaum, 1987 ; see also Cohen, 2000) , ranging from task switching to serial memory to motor control. This domain generality gives way to the idea that the performance of different tasks can be fractionated into an intricate system of hierarchies and subhierarchies, from the abstract task level to the fine-grained motor level (Miller et al., 1960) . The hierarchical control structure for a task sequence is likely composed of many subhierarchies, not only for each task but also for specific motor responses.
The idea of nested hierarchies was important to Miller et al. (1960) , who suggested that plans are built from hierarchies of basic functional units called test-operate-test-exit (TOTE) units. Each operation within a TOTE unit can be represented by a hierarchy of other TOTE units, enabling the construction of plans for complex patterns of behavior. Nested hierarchies remain prominent in current theorizing about the control of behavior, as evident in recent computational models of routine action control (Cooper & Shallice, 2000, in press ; but see Botvinick & Plaut, 2004) . For example, a hierarchically organized network of goal-directed action schemas forms the core of Cooper and Shallice's (2000) formal implementation of the contention-scheduling system proposed by Norman and Shallice (1986) , suggesting that nested hierarchies are useful constructs for understanding different levels of control.
Task Set
Although the concept of set has existed for decades in psychology, its meaning is unclear (for early reviews, see Dashiell, 1940; Gibson, 1941) , and definitions of task set and task-set reconfiguration in contemporary psychology tend to be infrequent and vague. Rogers and Monsell (1995) wrote that "to adopt a task-set is to select, link, and configure the elements of a chain of processes that will accomplish a task" (p. 208), and Mayr and Keele (2000) proposed that task sets "specify the configuration of perceptual, attentional, mnemonic, and motor processes critical for a particular task goal" (p. 5). Adopting a different task set involves task-set reconfiguration-"a sort of mental 'gear changing'" (Monsell, 2003, p. 135 ) that engages some combination of executive control processes. These definitions have evoked some criticism (Altmann, 2003; Schneider & Logan, 2005) , but a general point to be taken from them is that the focus is on individual tasks-even though what constitutes a "task" is debatable.
The modern concept of task set can be refined by thinking of a task set as a plan (Miller et al., 1960) and assuming hierarchical organization not just of tasks (e.g., Kleinsorge & Heuer, 1999; Kleinsorge et al., 2004) but also of task sequences (e.g., De Jong, 1995; Lien & Ruthruff, 2004 ; see also Luria & Meiran, 2003) . We argue that the hierarchical control structure for a task sequence constitutes part of the task set-a plan for controlling behaviorand that the sequence initiation times and related effects observed in our experiments reflect preparation associated with instantiating and maintaining the hierarchical control structure in working memory. Changing the hierarchical control structure can be interpreted as a form of task-set reconfiguration, but at the level of task sequences instead of individual tasks.
The idea that the hierarchical control structure for a task sequence constitutes part of the task set is reminiscent of research by Luchins and Luchins (1950) on problem solving. In their experiments, subjects had to determine how to obtain a specific volume of fluid by pouring fluid into and out of containers that varied in size. The first few problems could all be solved by the same sequence of operations, which was referred to as the Einstellung method-"a special kind of mental set" (Luchins & Luchins, 1950, p. 279) . In contrast to the modern emphasis on flexibility in changing task set, Luchins and Luchins focused on the rigidity of task set by noting that many subjects were unable to abandon the Einstellung method for later problems that could be solved with a more efficient method. The core idea in their work was that the sequence of operations was construed as the task set, which resonates with our view of task sequences.
The present interpretation of task set may prove useful in developing theories of executive control. Logan and Gordon (2001) proposed a theory of executive control in which a task set is represented at two levels: a task level (a propositional representation derived from task instructions) and a parameter level (a set of control parameters derived from the propositional representation). Task sets are implemented and reconfigured by transmitting control parameters to lower level processing mechanisms (for a related idea, see Broadbent, 1977) . Logan and Gordon assumed that "the task-level representation is hierarchical, with the higher level specifying the order in which the tasks occur and the lower level specifying each task separately" (2001, p. 396) . This tasklevel representation is comparable to the hierarchical control structure we have proposed and is consistent with some conceptions of motor programs (e.g., Rumelhart & Norman, 1982) . The hierarchical control structure can be accessed to determine the appropriate task to perform on a given trial, and the relevant control parameters can be transmitted to lower level task processes. It may be possible to extend Logan and Gordon's work by specifying the hierarchical control structure in greater detail and implementing the different types of sequence-level processes that act on that structure.
One possible extension would be to integrate Logan and Gordon's (2001) theory of executive control with Anderson and Matessa's (1997; see also Anderson et al., 1998) theory of serial memory. Anderson and Matessa modeled a variety of serial memory phenomena, including the sequence and chunk initiation time effects described earlier, with the adaptive character of thoughtrational (ACT-R; Anderson, 1993) production system. In the ACT-R framework, there are two types of knowledge: declarative and procedural. Declarative knowledge is represented by knowledge units, and procedural knowledge is represented by production rules that act on those knowledge units in accordance with currently relevant goals. Anderson and Matessa proposed that a sequence of items can be represented as a hierarchical structure of knowledge units (e.g., see their Figure 2 , p. 732). At the bottom level of the hierarchy are individual knowledge units with item identity and position codes. At an intermediate level, these knowledge units may be grouped into larger units representing chunks of items. At the highest level, the chunks are grouped into a single unit representing the entire sequence of items. To access each item in this hierarchical structure, as might be required in serial recall, Anderson and Matessa introduced a series of production rules for retrieving item and chunk information. Two production rules that are highly relevant to the present study are the start-recall and prepare productions (Anderson & Matessa, 1997, p. 733) , which set up a retrieval plan for initiating serial recall. These production rules are akin to the sequence-level processes that are ostensibly required for sequence initiation in our experiments. Slow sequence initiation time would be a corollary of the application of these time-consuming production rules.
Integrating Anderson and Matessa's (1997) production rules for preparing and changing retrieval plans with Logan and Gordon's (2001) architecture for executive control may represent a viable method for modeling sequence initiation, sequence switching, and task switching in the present study and other work (e.g., Logan, 2004 ; see also Logan, in press). We defer such modeling efforts to the future, however, because our goal in the present study was to uncover some of the empirical phenomena associated with switching tasks in sequences, in an effort to understand more about hierarchical control.
Control
Control is often conceptualized in terms of a process or set of processes. For example, reconfiguring a task set is thought to involve "executive control processes" such as shifting attention, retrieving goals or task rules, inhibiting an irrelevant task set, or activating a relevant task set (Mayr & Keele, 2000; Mayr & Kliegl, 2000; Meiran, 1996; Monsell, 2003; Rubinstein, Meyer, & Evans, 2001 ). This process-oriented approach has yielded many insights into the nature of executive control and continues to motivate research on topics such as task switching.
We interpret control in the present study as a relationship between representations and processes at different levels of a hierarchical control structure: Representations at higher levels control processes at lower levels. These higher level representations determine the initiation and functioning of lower level processes, and control is embodied in this determination by representation. Higher level representations can be interpreted as goals to be accomplished by lower level processes (as in ACT-R; Anderson, 1993) or as parameters for programming lower level processes (Logan & Gordon, 2001 ; see also Broadbent, 1977) . A critical point is that there are no control processes in the typical sense; control is instantiated in the relationship between representations and processes. Applied to our experiments, sequence-level processing associated with sequence initiation and switching does not actively control task-level processing. Instead, hierarchical control arises from the dependence of task-level processes on sequencelevel representations that can be modified by sequence initiation and switching.
We argue that these control relationships are transient. The flow of control between levels in a hierarchy may change depending on the situation, with the "controller" in one situation becoming "controlled" in another situation. This role reversal implies a heterarchical control relationship among cognitive processes: What is designated as "higher" or "lower" in the hierarchy is dynamic rather than fixed (see also Monsell, 1996, pp. 100 -102; Rumelhart & Norman, 1982) . This dynamic relationship challenges the familiar distinction between top-down and bottom-up control and is related to the "top-top" control described by Roepstorff and Frith (2004) and foreshadowed by Miller et al. (1960) . Furthermore, this control can be explained in terms of basic processes of attention, memory, and perception; we do not have to posit specialized control processes. For example, in the proposed model that integrates the work of Anderson and Matessa (1997) and Logan and Gordon (2001) , sequence initiation and switching would be accomplished by memory retrieval. Control arises from the relationship between memory retrieval and task-level processing (which is shaped by the contents of working memory). From this perspective, we are not adopting a reductionist view of control: Describing the basic processes in which control relationships are embodied does not reduce control to the operation of those processes or eliminate the concept of control. We may be able to specify the processes that generate the representations that control other processes, but the control relationship remains.
The dynamic hierarchical control relationship outlined above represents another way of thinking about the flexibility that is expressed in most definitions of control. An important implication is that it may not be possible to identify fixed sources of control in behavior. If control is embodied in a hierarchical relationship between different representations and processes, then there is unlikely to be a single locus that remains unchanged across different situations. This implies that the concept of control can be understood in some situations without recourse to an omniscient homunculus. Instead, understanding the control relationship may be sufficient for explaining control. In this sense, we may have taken another step toward what some researchers view as a central goal of cognitive science: "banishing the control homunculus" (Monsell & Driver, 2000a, p. 3) .
Conclusion
Complex patterns of behavior often unfold according to plans. In the present study, we found evidence of hierarchical control of cognitive processes in experiments involving the performance of explicit, memorized task sequences. The effects of sequence initiation and sequence switching on switch costs-especially switch costs at the first serial position across sequences-highlighted the relationship between the sequence and task levels, suggesting that task switching occurred within a hierarchical control structure. Further research on the nature of hierarchical control in cognition is important for understanding how plans such as recipes can guide our behavior. A research approach that tackles the issue from a variety of angles-ranging from motor programs to serial memory to task sets-may represent a recipe for success.
